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Classical vs quantum criticality

Credit: Jennifer Sears
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Fermionic quantum criticality

Honeycomb-lattice Hubbard model:

H=—t Z CIJCJU_I_UZn’Tnli

(i j).o




Fermionic quantum criticality

Honeycomb-lattice Hubbard model:

H=—t Z CIJCJU_I_UZn’Tn’i

(i j).o

Quantum phase diagram:

? &
O
. : ik : U/t [Assaad & Herbut, PRX "13]

Dirac semimetal 3 g5 AFM insulator [Otsuka, Yunoki, Sorella, PRX '16]

— Talk by I. Herbut
— Talk by K. Le Hur



Fermionic quantum criticality

Honeycomb-lattice Hubbard model:

H=—t Z CIJCJU_I_UZn’Tn’i

Quantum phase diagram:
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Dirac semimetal ~ 385 AFM insulator

Gross-Neveu-Heisenberg field theory:

L= Yy*0.¢ + g(Pa9)*

/t

[Assaad & Herbut, PRX '13]
[Otsuka, Yunoki, Sorella, PRX '16]

— Talk by I. Herbut
— Talk by K. Le Hur

[Herbut, Jurici¢, Vafek, PRB '09]
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Experimental realization?
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Fermi velocity renormalization
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Free-standing graphene remains a Dirac semlmet

[Elias et al., Nat. Phys. '11]
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Twisted bilayer graphene
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Twisted bilayer graphene
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Quantum twisting microscope

QTM

Laser

[Inbar et al., Nature '23]



Quantum twisting microscope

QTM I =300 K
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Tight-binding model

Hamiltonian:

H = Z t(R,' — R_,) CI-TCJ'
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Tight-binding model

Hamiltonian:

H = Z t(R,' — R_,) CI-TC_,'
i)

Slater-Koster hopping: [MTQZ & Koshino, PRB E}

X2 —|—y2 r—agp 22 I‘—do

0 for r > 64y

. with Vo & —=2.7eV, V5 = 0.48 €V, and decay length rp = 0.319a



Electronic band structure
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Electronic band structure

6 =1.08°

e—ep [eV]

i Microscopic Model < )c-\
y ~——- Continuum Model ({ = —1) /\'/\
L ---- Continuum Model (¢ =1) .

- , , , , , , , , - - . . X I . X X . . 4
K r M K’ K r M K’

—0.6

Fermi velocity:

0.7 —— Microscopic Model _'
-=-== Continuum Model ]

0.6

0.5

0.4

vp /v

0.3}

0.2

0.1}

YO0 s 20 25 30



Electronic band structure
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Interactions

Toy lattice model:
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Interactions

Toy lattice model:

’HZZI’(R,‘—RJ')CI-TCJ'—FVlZninj

i+£j (ij)

Simplifications:
e Spinless fermions
e Nearest-neighbor intralayer interactions only
e Neglect corrugation effects

.. such that 9(1)

magic

e Increased interlayer hopping V5o
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Quantum phase diagram: Mean-field theory

Interaction Vi/ VA0

W29 2"
2

-~

6 |deg]
1.5

2
o

W
- \‘.
- \'
%
w 3 A
- oy 7-\ =T : B -
c’\?"’d N N R \
A> . - “ A ¢
N h N N AN
RS R 5&. QEsnsh, ) P ), U s
- . > : N s
R, R O, M . B onh ~
N A N N 1N N < 3

44 KIVC
9 10

- o=
-
~J
Do
@)
Q0

I

Twist angle 6

11

Gap

10.020

10.015

eV]

0.010 <

0.005



Quantum phase diagram: Mean-field theory
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Twist-tuned transition
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Twist-tuned transition
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Twist-tuned quantum criticality

KIVC order parameter A vs 6 :
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Twist-tuned quantum criticality
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KIVC order parameter A vs 6 : Quantum universality class:
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Twist-tuned quantum criticality
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KIVC order parameter A vs 6 : Quantum universality class:
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Conclusions
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Candidate ground states

State of Matter Co | T | C5T | Uy (1)
Semimetallic (SM) |/ v
Valley-Hall (VH) X |V | X v

Quantum Anomalous Hall (QAH) | X X v/
Valley-Polarized (VP) X | X | V v
Kramers Intervalley-Coherent (KIVC) | X | X | X
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Valley polarization

Dirac semimetal

B
Valley polarization operator: 5
Ve = E nijodclc |
(ijyel N NN ERE—— —

K M T M K

... with n;; = £ 1 for clockwise (counterclockwise) hopping
[Ramires & Lado, PRB '19]
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Overlapping Dirac cones
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Overlapping Dirac cones
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